Previous research has focused on the use of heat pumps in electric vehicles, with the focus on recuperating heat from, normally, ambient and one thermal source on the vehicle. Here 5 potential thermal sources on a vehicle have been identified and thorough testing on the benefit of each source has been performed. The results presented suggest the motor, a thermal storage device, and cabin exhaust extraction should be used >80% of the time according to the scenarios tested, while battery heating and transmission heat extraction should be used subject to conditions on the ambient temperature and drive cycle.
Introduction
Hybrid and electric vehicles, as part of low carbon personal transport, are growing in demand as a result of rising atmospheric carbon dioxide levels [1] and increased emissions regulations. One concern for owners of electric vehicles is the range depletion that they experience during the winter months [2] [3] [4] . Conventional internal combustion engine vehicles are able to supply the cabin with acceptable heat generated by an inefficient combustion engine for comfortable cabin heating [5] . Electric vehicles are much more efficient, producing less waste heat, and so have traditionally used positive thermal coefficient (PTC) heaters to warm the cabin [6] . These use energy from the battery and so reduce the vehicle's range. Electric only range can be reduced by as much as 60% when the ambient temperature drops to −20 • C compared to 20 • C [7] . This is due to the combined effect of reduced battery performance and the increased demand on the battery to provide heat to the cabin [7, 8] . Hybrid electric vehicles have the option to use their combustion engine in cold climates to increase cabin heating capacity. Since electric only vehicles do not have this option, the way in which they generate heat is more important to their range, hence focus be put on electric only vehicles opposed to hybrid electric vehicles.
Low Temperature Issues with EVs
Electric batteries have reduced performance when operating below 0 • C. Many investigations have been carried out on the capacity reduction of Lithium ion batteries in cold temperatures with results ranging between 20-40% capacity decrease at −20 • C [9] [10] [11] [12] ; this directly leads to 20-40% reduction in range. Cell manufacturers also publish capacity as a function of temperature on data sheets for their cells; Panasonic published a coulombic capacity reduction of approximately 35% using a discharge rate of 0.5 C (where C is defined as the current required to discharge a cell by 100% in 1 h) when operating at −20 • C [13] .
At low temperatures, cells are also affected by reduced power capability [14, 15] and increased ageing while charging [16, 17] . The literature concerning reduction in power capability has mainly focused on chemistries more suited to hybrid vehicles, e.g., Lithium Iron Phosphate. Rui [14] , Zheng [15] and Jaguemont [18] concluded that the primary cause of power capability reduction was due to an increase in charge transfer resistance. This is a result of slow/sluggish electrolyte kinetics caused by low temperature [18] . In 2016 Zheng et al. showed a power capability reduction by approximately 90% when lowering the ambient temperature from 20 • C to −20 • C. In the context of hybrids this leads to concerns over whether on a cold day the on-board battery would be able to supply enough power to crank the engine, a serious concern for vehicles with only one lithium ion battery for operation. However there is little evidence to suggest that power would be a problem in EVs. EVs operate at a lower C rate than HEVs [19, 20] and so are less affected by reductions in power capability. This is further explained in a report by Saxena et al., where in proposing updated end of life criteria for batteries they highlight cases where 30% of remaining power capability is able to meet the power requirements of 3 drive cycles (UDDS, HWFET, US06) [21] . This means that if cold temperature power limitation were to affect the vehicle it would only be a problem when demanding the vehicle's maximum power. If the rest of the vehicle is at −20 • C then it is unlikely that this power could be delivered to the road. This would explain why there seems to be little concern over power reduction of EVs in cold climates.
The primary non-powertrain battery load during cold climate driving is cabin heating demand [22, 23] . Traditionally this heat has been produced using positive thermal coefficient (PTC) heaters, which have a typical efficiency of ≈95% [24] . In a conventional vehicle, where approximately two thirds of on-board energy is wasted, cabin heating is not a problem [25] . In comparison, an electric vehicle is approximately 80% efficient at using its on-board energy for driving, which means much less waste heat is available [26, 27] . Hence heating will lead to an extra load on the battery and reduce the range. Broglia et al. used a system simulation approach to show that at −5 • C heating and battery inefficiency could lead to a 33% increase in energy consumption [23] . Meyer et al. investigated the split between cabin heating and low temperature battery effects, performing tests with heating on full (continuously) and heating off at −7 • C. During the two tests at −7 • C over the LA4 drive cycle (also known as FTP-72 or the Urban Dynamometer Driving Schedule), Meyer et al. found that the use of PTC heaters led to a 41% reduction in vehicle range compared to its 20 • C range. In comparison, a range reduction of just 15% was found with the heating off at the same temperature [7] , which can be attributed to the effect of low temperatures on an Li-ion battery. The combined effect of heating demand and reduced battery capacity is a 60% reduction in range at −20 • C [7, 8] . One result of this range reduction at low temperatures is an increase in research into more efficient heating solutions for electric vehicles.
Potential Solutions
One way to reduce the energy demand of heating is to use a heat pump instead of PTC heaters. Heat pumps utilise the available waste heat and extract some thermal energy from ambient. Leighton et al. and Ahn et al. have shown the prospective benefits, providing ambient conditions are suitable, of using heat pumps in electric vehicles [28, 29] . Leighton showed that a system that could utilise waste heat from the inverter and electric motor could provide a 2.6% improvement in range at −12 • C, taking the low temperature range from 46.2% to 48.8% of the nominal range. The improvement was even larger at more moderate temperatures, at 13 • C the range was increased from 66.6% to 82.1% of the nominal range, a 15.5% improvement. The system tested by Leighton et al. was able to heat the cabin air from −2 • C to 22 • C, in approximately 23 min; which is an important metric to consider when evaluating the performance of a heating system. Leighton did not discuss their system's coefficient of performance (COP). COP is a unit-less measure of the performance of a system and is defined for a heat pump in Equation (1) , where P compressor is compressor power and Q condenser is the heat extracted from the condenser. Ahn et al. tested characterised the performance of a dual source (ambient and motor) heat pump, investigating the impact of providing additional heat to the system. In their findings it was shown that as the motor waste heat was increased from 0 kW to 2.5 kW the heat pump COP increased from 3.2 to 3.4. Ahn et al. also compared motor and ambient as single sources to the heat pump, here they achieved COPs of 3.1 and 3.2 respectively. This shows that supplying more waste heat to a heat pump results in better performance.
Currently the use of heat pumps is hindered by their slow warm up times and they require additional PTC heaters for fast response [6] .
The use of thermal batteries, which are constructed from a phase change material (PCM), have been suggested for use in the automotive context by a selection of researchers [30, 31] . Shahidinejad et al. was able to achieve a 21% vehicle level energy saving during the warm up period [30] . This was achieved in simulation using average driving data from Winnipeg, where the average speed and distance of a commute was 32.5 kmh −1 and 32.7 km respectively, the average monthly temperature ranged between −13.6 • C and −17.8 • C during the winter months, although the temperature simulated was not specified.
In 2016 LaClair et al. proposed the use of a 2.7 kWh thermal battery weighing 33 kg with a volume of 31 L to cover the entire heating load for a 23 min commute twice in a day (46 min total) [32] . The thermal battery had an operating temperature range of 60 to 120 • C, where 60 • C was deemed the minimum temperature useful for cabin heating. LaClair et al. assumed an electrical battery with capacity 10 kWh and average heating requirement of 3.13 kW. Assuming this heating demand can now be catered for by the thermal battery, they concluded that adding the thermal battery increased the electrical energy available for traction by 38%.
Kaygusuz proved the benefits of using a thermal battery to manage solar energy in a heat pump heated house [33] . Here the ability to manage thermal energy meant that the heat pump could be operated at a COP of up to 4.7, compared to COP of 3 without the thermal storage. The application of thermal storage could be integrated into a vehicle, this could be charged using the on-board PTC heater when the electric battery charge is complete, negating the need for solar panels. This would provide and additional, fast response heat source with the potential to replace the PTC heater. The integration of a thermal storage system was explored further by Jeffs et al. in [34] . Here the sizing of such a device was considered and the performance improvement when integrated with a heat pump shown.
Although electric vehicles are much more efficient than their internal combustion counterparts there is still some wasted energy. So far in literature heat for a heat pump has been harvested from the motor [28, 29, 35] , the power electronics (including battery) [28, 35] and ambient air [6, 28, 29, 33] . However, electric vehicles do have other sources of waste heat. de Gennaro et al. showed an average battery to wheel efficiency of 77.8% at −7 • C across the NEDC, WLTC and WMTC drive cycles [27] . This is broken down into losses from the battery, motor and inverter, and the transmission. Williamson performed discharge tests on Lithium Ion batteries and found them to be 97.61% efficient [36] , although the author did not specify the temperature at which these efficiencies were found. He also tested the motor and inverter and found them to have a combined efficiency of approximately 93% [36] for motoring. The battery, inverter and motor therefore give a combined efficiency of 90.87%, which does not consider losses through the transmission. In a general study on electric vehicles Helms et al. assume a 95% and 90% efficiency for the battery and the motor and inverter respectively [26] . In studies on electric vehicles it is common to assume a transmission efficiency of 95% [26, 37] .
Another energy saving technique that can be used is cabin air recirculation. As much as 85% of normally exhausted cabin air can be recycled without building up harmful levels of CO 2 [38] . However, this does not consider water vapour which can cause windows to fog at low temperatures. An alternative to recycling could be extracting heat by chilling the cabin exhaust heat, then using that energy in the heat pump. This has been shown by BMW, who have demonstrated a 35% recovery in the heat from air exhausted from the cabin [39] .
Hence the following list of components can be considered as potential heat sources for heat pumps on electric vehicles; In summary, although the studies by Leighton and Ahn took motor (or motor and inverter) into account, these only contribute approximately half of the energy loss in electric vehicles drivetrain. As Ahn showed, increasing the waste heat supplied to a heat pump increases its coefficient of performance. There is an opportunity to explore how additional waste heat sources could contribute to the cold temperature range improvement of electric vehicles. Furthermore, it is expected that increasing the complexity of the heat pump will require additional management of the thermal energy sources to optimise the system's efficiency.
Aims
Building a system that can extract heat from all of the above sources and manage the heat could be both technically and financially challenging. The work described in this manuscript describes a methodology to find which potential heat sources in a vehicle can give the most benefit to the operation of a heat pump. All possible operational modes will be identified and tested over 3 different drive cycles and 4 ambient temperatures, where it is assumed that all components (except the thermal battery) are in thermal equilibrium with ambient. This is done with the objective of finding which thermal sources allow the heat pump to operate using the minimum electrical energy consumption in low temperature climates. All combinations of thermal sources have been identified and tested since the combination of thermal sources may affect performance and comparing each components performance with the heat pump on an individualistic basis would be neglectful and insufficient. When considering which operational modes and which thermal sources are useful in minimising electrical energy consumption, the cabin temperature and target temperature will be checked to prevent the sacrifice of passenger comfort. This complete process will guide the infrastructure design of a complex heat pump and identify the direction research should take to optimise the mode strategy with which a complex heat pump should be operated. It will also highlight which components should definitely be considered for use when planning a vehicle level heat pump.
The remainder of the paper is split into Model development, Results, Discussion and Conclusion. Section 3 goes into detail on the model used, and explains the methods by which the proposed heat pump will be tested. Section 4 gives an overview of the results and details how the importance of individual thermal sources is quantified. The progress made is discussed in Section 5 along with identification of further work towards developing an optimised controller for the heat pump. The findings and contributions are summarised in Section 6.
Model Development
A system level vehicle model, similar to that used in [23] , generated in the modelling package Dymola, seen in Figure 1 , has been used to simulate the prospective benefits of using a heat pump. Dymola is a physical modelling tool based in the Modelica modelling language, with a variety of libraries which assist in modelling large complex systems. The vehicle is simulated at a system level so that the heat pump has the option of extracting heat from multiple sources. The system is able to collect heat from the motor, inverter, thermal battery, gearbox, drive-line (front/rear differentials), cabin exhausted air and ambient. Furthermore the heat pump should be able to provide heat to the cabin. The heat pump should be able to both heat and cool the battery in order to keep its temperature in a range best suited for its optimal performance. Since the functionality of the heat pump is so broad, significant effort has been spent on development of the model for a complex heat pump of this nature. The remainder of this section details the heat pump model and sub-models relevant to its operation. 
Model Details
The vehicle considered is a passenger vehicle weighing approximately 2500 kg, with a 90 kWh battery pack. It has 4 wheel drive with front and rear motors each capable of 350 Nm of torque and with a single speed gearbox per motor.
The configuration of the heat pump and thermal sources can be seen in Figure 2 . In Figure 2 it can be seen that the electric battery, thermal battery and ambient have associated rules regarding there connection to the chiller. In the case of the electric battery these rules are intended to keep the battery within a temperature range best suited to its operation. For the thermal battery the rules ensure that the thermal battery can be fully discharged and then disconnected from the system. With respect to ambient, the rules ensure that the freezing doesn't occur, which would hinder the heat pumps performance. Sections 3.1.1-3.1.7 go on to describe each sub model in further detail. All thermal models, with the exception of the motor, use a single lumped thermal capacitance to predict their temperature. Therefore the temperature of each component is described by,
where m comp , C comp , T comp , and Q comp are the mass, specific heat capacity, temperature and heat flow of each component. During all simulations it is assumed that all components are in thermal equilibrium with ambient. Further model details for each component are described in the following subsections. 
Battery
In the battery, Ohmic heating from a 1st order RC network model is used to predict heat generation. The heat is stored in a thermal mass, which represents the entire pack. Heat can be given to, or taken from, the heat pump, while also being lost to ambient. The heat flow for the battery is described as
where I and R(T, SOC) are the battery current and the battery resistance, which is a function of both temperature and state of charge (SOC), respectively. Here R(T, SOC) is given by the sum of R 0 (T, SOC) and R p (T, SOC), where the dependancies on temperature and SOC are controlled by a lookup table. Q batt TM is the heat flow through thermal management, in the case of the battery this is either receiving heat from, or supplying heat to, the heat pump. Finally Q ambient is described by Equation (4),
where G e f f ective (v) is the effective thermal conductance between the battery and ambient, which (in the case of the battery) is a function of vehicle speed.
The battery, like all components, is initially in thermal equilibrium with ambient. It has been shown that preheating the battery can reduce total financial cost of operation by up to 34% [40] , however, no preheating is assumed here to conform to a worst case scenario. The consequence of this is that it cannot act as a heat source for the heat pump while its temperature is low as this hinders its performance. To avoid cooling the battery at low temperatures and suffering from poor performance, the battery is heated when its temperature is below 20 • C and cooled when its temperature exceeds 30 • C. This means that for the majority of cases, the battery is being heated, rather than used as a heat source, however in milder climate conditions it may be used as a heat source.
Motor
For the motor, heat is assumed to be generated through a combination of losses and is approximated using a two dimensional efficiency map, where it is assumed that some heat is lost to ambient. Furthermore it is assumed that the dominant cause of inefficiency is ohmic losses in the windings. There is a thermal mass for both the core and the windings, where the heat is generated. The windings are connected to the thermal management system and also dissipate heat to ambient. As such the heat flow is described by,
where
Here η, τ and ω are the motor's efficiency, temperature, torque and speed respectively. For each simulated time step η is found using an efficiency map with inputs; voltage, torque and speed. Q motor TM is the heat flow due to thermal management of the motor. This is the heat extracted by the chiller loop of the heat pump. Q core is the heat flow between the windings, where the heat is generated and the motor core. This is given by,
where G core2windings is a fixed conduction coefficient with a value equal to 1.75 WK −1 . Finally Q motor ambient is defined in Equation (8) .
where G motor2ambient is a fixed conduction parameter with a value equal to 10 WK −1 .
Thermal Storage
The heat flow from the thermal battery is described by,
where Q TB is the heat flow out of the heat battery, and Q TB TM is the heat flow from the thermal battery to the thermal management system (it is assumed that the thermal battery is well insulated and therefore thermally isolated from ambient). It gives all of its heat to the thermal management system. The specific heat capacity, however, needs to be treated differently to other components, as it will experience a phase change where a large amount of energy is released. A lookup table is used to control the heat capacity as a function of temperature, this allows for the latent heat to be accounted for. This is done by increasing the specific heat value to that of the latent heat value over a 1 • C window at the materials melting point, a similar approach was taken by Taylor et al. in [41] .
Transmission
The models for the gearbox and differential are similar to the model for the motors. The heat flow for each is given below:
Here all of the variables have their usual meanings and η for both the gearbox and differentials are dependent on torque, temperature and speed. This dependencies are accounted for using lookup tables from representative vehicle data.
Cabin
The cabin has a target temperature of 22 • C which can be used to assess the thermal comfort achieved when using the heat pump. The cabin model can be seen in Figure 3 . An infinite air source with ambient temperature is taken into the cabin and heated in the eAC component, seen in Figure 3 . The heated air is then pumped into the cabin, where one air volume and heat capacitance are used to measure the cabin temperature. This air volume has four modes of losing heat: convection to ambient through panels, thermal exchange with soft furnishings, thermal exchange with hard furnishings, and cabin air exhaust. The convection to ambient through the exterior surfaces is modelled using a variable thermal conductance with dependency on vehicle speed. The model uses two heat capacitances for air to hard furnishings (such as dashboard panels, glass etc.) and soft furnishings (such as the seats, carpet etc.), with thermal resistances between the air and these components. Finally there are two volumes representing the air in the cabin, one large and one small. The larger air volume represents the majority of the cabin where the target temperature is imposed. The smaller air volume is used to harvest cabin exhaust waste heat, here up to 30% of the heat can be extracted and used in the heat pump. 
Heat Pump
The heat pump has the ability to dynamically connect and disconnect to multiple components around the vehicle with the aim of maximising the vehicle's thermal management efficiency. The battery, heat battery and ambient require additional logic checks to decide whether the component should be connected to the high temperature circuit or the chiller circuit. Since the battery can either be cooled or heated, there exists some logic to control when this should happen. When the battery is below 20 • C it is connected to the HTC and receiving heat, when its temperature rises above 30 • C the battery is connected to the chiller and cooled. In between these temperatures the battery is isolated from the heat pump. Similarly the heat battery is initially connected to the HTC where it delivers heat, but when its heat delivery drops below 250 W the heat battery is swapped to the chiller, where it delivers the remainder of its energy. Finally, ambient is only used as a heat source when the ambient temperature is above −10 • C. These logical conditions are shown in Figure 2 .
The heat pump model is further broken down into three levels, seen in Figure 4 , with the following purposes; interfacing the vehicle components with the heat pump coolant loops, interfacing the coolant loops with the refrigeration cycle and simulating the refrigeration cycle itself.
The top level model of the heat pump, seen in Figure 4a , contains the interfaces between the components and the heat pump. The thermal switches can be seen across the top of Figure 4a , these are part of the control system which allows components to be connected and disconnected from the heat pump. Each switch is a variable thermal conductor which can be varied in value to control the amount of heat extraction from each component or isolate the component from the heat pump.
The middle level model, seen in Figure 4b of the heat pump contains the models for the high temperature circuit (HTC), chiller and PTC heater. The HTC has an operational target temperature of 90 • C and is used to extract heat from the condenser side of the refrigeration circuit and distribute it to the cabin and battery. Finally the HTC receives heat from the PTC heater and the thermal battery. On the other side of the refrigeration circuit, the evaporator is connected to the chiller loop. The chiller loop has an operational temperature of −10 • C and is able to extract heat from the motor, gearbox, differentials, battery, cabin exhaust air, thermal battery and ambient. The lowest level of the model, seen in Figure 4c , is the refrigeration circuit. The refrigeration circuit contains the evaporator, condenser, expansion valve compressor, and some control components. The compressor is controlled by a proportional-integral-derivative (PID) controller which takes a demand from an overall supervisory controller, and uses the current power consumption of the compressor to control the compressor speed. The supervisory controller has the ability to request that the compressor uses up to 2.5 kW of power. In the top corner of Figure 4c the System Information Manager (SIM) can be seen, this is where the heat pump's refrigeration and coolant fluids are set. For this work R134a was used as the refrigerant and water/glycol mix as the coolant.
PTC Heater
The PTC heater has a maximum heating capability of 4 kW, and is assumed to be 100% efficient at generating heat. Combined with the maximum power consumption of 2.5 kW of the compressor, the heating, ventilation and air-conditioning (HVAC) system has a maximum demand of 6.5 kW. It is controlled using a PID controller with the aim of heating the cabin to target temperature via the HTC, it is also controlled to shut off when the HTC reaches its operational temperature.
Parametrisation
The drivetrain for the vehicle is based on an existing vehicle and so can be validated using WLTP at 23 • C, i.e., with no HVAC requirements. The thermal side however represent a new proposed system, not currently realised on any vehicle or in any physical form. Correspondingly, the parameters surrounding the thermal systems are estimated and approximated. In some cases (due to the size of the model each case will not be specified), such as the thermal conductances give in Equations (7) and (8) , this is done by taking sensible approximations about the size, construction and material found in the motors. In other cases, such as the heat exchangers found in the HTC and Chiller components of Figure 4b , parameters were based on existing components found in comparable vehicles.
Regarding the battery, the lookup tables used for cell OCV, R 0 , R p and C p were parametrised using data from cell cycling experiments performed on Dow Kokam 40 cells. This data was provided and analysed by Yashraj Tripathy.
Model Usage Cases
The system has been tested on three drive cycles, WarmUp, New European Drive Cycle (NEDC), and World Harmonised Light Vehicle Test Procedure (WLTP), each one more dynamic than the previous. This is important for evaluating the systems response to varying real world use cases. Firstly the system was tested using the simple cruising profile (WarmUp), this consisted of a 50 kmh −1 cruise for 30 min, followed by a 100 kmh −1 cruise for 30 min, then 30 min at rest, 75 km in total. This cycle is designed to test the systems warm up capability and steady state power consumption. Simulations were also carried out on the NEDC (11 km) and WLTP (23.3 km) drive cycles. The NEDC is semi-dynamic, it has several acceleration and braking sections, but also maintains constant speeds for considerable time. The WLTP cycle on the other hand is more dynamic, with no steady state sections (i.e., at no point is a speed maintained for more than 5 s unless stationary).
With multiple heat sources available for the heat pump to harvest from, a selection of operational modes becomes available, each one corresponding to a different combination of heat sources being connected to the heat pump. Since the efficiency of components, such as the gearbox and battery, is dependent on temperature and power, it is expected that as the dynamics of the drive cycle increases (with more acceleration instances requiring more power), different operational modes will be required to minimise the total electrical energy consumption.
It is also expected that operational modes that harvest less energy will be more efficient at higher ambient temperatures, where less heating is needed. This is expected since the cabin will warm up faster and spend more time at steady state, with less heat required to maintain the temperature difference between ambient and the cabin. Correspondingly, when the ambient temperature is lower, it is expected that operational modes that harvest more energy will be favoured. To investigate this, each drive cycle is tested at −20 • C, −10 • C, 0 • C and 10 • C.
A set of operational modes needs to be produced based on the list of heat sources independently available, given in Section 1.2. Producing a complete set of operational modes covering all possible permutations would lead to 2 7 or 128 different operational modes, which need testing on 3 cycles each at 4 temperatures, giving 1536 tests. This can be reduced by making some assumptions to remove some variables. This has already been done in the case of the transmission which is the combination of the gearbox and the differential. Since all examples of heat pumps given in the introduction use ambient as a heat source, all operational modes will include ambient extraction by default. However when ambient temperature falls below the target temperature of the chiller, it will not be used as a heat source. The motor and inverter are similar in that their losses are dominated by ohmic heating and so could also be combined as a single heat source. In the context above, a single heat source means that they share the same coolant circuit and the individual items in that heat source contribute together to the heat extracted by the heat pump. These assumptions allow the list of heat sources to be reduced from 7 to 5, the reduced list is;
1. Motor 2. Transmission 3. Battery 4. Thermal Battery
Cabin Exhaust
By defining 2 modes of operation for each component, on and off (labelled 1 and 0), which refers to their connection to the heat pump, where off is thermally isolated from the heat pump and on is thermally managed by the heat pump, a set of operational modes can be constructed. Since each component has a binary control and there are 5 individual components, there are 2 5 unique operational modes which can be seen in Table 1 . The operational modes of the heat pump are also compared to two baseline cases, no heating and PTC heating only, which has been the standard in electric vehicles so far. The operational modes are created by listing the numbers 0 to 31 as binary numbers (00000, 00001, ..., 11111) where each digit represents the state of the components given in the list above. This allows for all possible combinations of thermal contributors to be tested. The possible operational modes were tested and initially compared to two baseline cases discussed further in Section 4. Secondly, additional analysis was conducted to find trends in when individual operational modes perform well and when they do not. To ensure that the cabin temperature is not compromised by seeking modes which use the least power, the operational modes compared are limited to ones that meet cabin target temperature, or choosing the one which reaches the highest cabin temperature if the target cannot be met.
Since the drive cycles tested have different characteristic times according to their dynamics, the frequency of evaluating which operational mode is performing best should be explored. To investigate the effect of switching frequency on mode evaluation and comparison 6 different interval lengths have been chosen over which the energy usage of each operational mode will be considered and compared. The lengths of these intervals are 5, 30, 60, 120, 300 and 600 s. The method used to choose which operational mode performs best during these periods is explained in Section 4.2.
Results

Baseline
The simulation has been run in two baseline operational modes, PTC heating on and PTC heating off, tested at 10 • C, 0 • C, −10 • C and −20 • C on the WarmUp, NEDC and WLTP cycles. This establishes how much energy the vehicle uses as a function of temperature and how much HVAC energy is needed when the heat pump is not in use. The heat pump system consumes a maximum of 6.5 kW, as described in Section 3.1.7, however as the heat pump is switched off during the benchmarking, the PTC maximum power is increased from 4 kW to 6.5 kW to account for the deficit in maximum HVAC power consumption. The results of these baseline tests can be seen in Figure 5 . The boundaries thus created by the lines depicting heating on and heating off for each of the drive cycles give the potential operating area to be explored. It is expected that the use of the heat pump will cause the total electrical energy consumption, i.e., the HVAC energy consumption plus the drive cycle energy consumption, to fall between these lines, Improvements in control will further improve total electrical energy consumption, approaching the heating off results. 
Heat Pump with Variable Heat Sources
The simulation was then run for all 32 operational modes. From each scenario the operational mode which used the least energy while reaching cabin target temperature (or the mode which reached the highest cabin temperature if the target was not met) was identified and compared to the baseline energy consumptions, as shown in Figure 6 . From Figure 6 it can be seen that there is not one operational mode that performs best over all circumstances. The average energy saving over all scenarios was 14.8%, while the maximum and minimum energy savings were 24% at 0 • C on the WarmUp drive cycle and 7.7% at −10 • C on the WLTP drive cycle respectively.
Once all simulations were complete the results were analysed to identify how each operational mode performed at different points during the drive cycle. As discussed in Section 3.3 the switching frequency was investigated by splitting the drive cycles into intervals of different lengths, then deciding which operational mode performed best for each interval. To calculate energy consumption during each interval the power was integrated according to the selected interval lengths, giving the total electrical energy consumption values per interval through the drive cycle. Before the energy consumption for each mode per interval is compared, the list of potential operational modes to compare is reduced. This is achieved by limiting the operational modes to only those which meet the cabin target temperature of 22 • C, this step is designed to ensure that cabin comfort is not sacrificed in the pursuit of reduced energy consumption. where the target temperature is not met, mode choice is limited to the single mode which achieves the highest cabin temperature, these cases are identified as red dots in Figures 7-9 . In the cases where cabin temperature meets the target and a reduced list is formed, the mode which uses the least energy in a given interval is chosen as the best performing operational mode for that interval. This process can be summarised into the following procedure; This is repeated for six interval lengths; 5 s, 30 s, 60 s, 120 s, 300 s and 600 s. The result of this is a selection of operational modes which perform well given certain vehicle conditions. From this, trends can be extracted which could help to design or dynamically control a complex heat pump. Selections of well performing modes can be seen in Figures 7-9 ; where the 30 s interval length was chosen as an example. Here the best operational mode during each 30 s interval is shown and overlaid with the corresponding drive cycle.
From Figures 7-9 it can be seen that there is not one operational mode that gives a minimum total electrical energy consumption over the entire drive cycle. Further analysis has been performed to explore the conditions which make operational modes or the use of individual components advantageous. Here the 30 s interval length has been presented. as the increased frequency of a shorter interval length offers more operational mode data points to qualitatively assess trends, while 5 s interval lengths become crowded making it more difficult to identify trends. In Figures 7a, 8a -c, and 9a,b none of the operational modes reach the cabin target temperature hence the mode which reaches the highest cabin temperature is chosen; the cabin temperatures reached can be seen in Figure 10 . In all but one case (Figure 8c ) this was mode 25. However, when the cabin temperature is reached (Figures 7b-d, 9c,d ) a variety of operational modes become available for comparison through the drive cycle. When this is the case, it becomes clear from the figures mentioned that the best performing operational mode is dependent on the demands given by the drive cycle. For the WarmUp cycle, shown in Figure 7 , it is evident from 0 • C and 10 • C that the best operational modes seem to change as the vehicle accelerates from the slow cruise to the fast cruise. Before this transition the best operational modes are mixed between modes 5, 8, 24, 25, and 27; however, shortly after the transition the best performing operational modes become dominated by a few higher modes, in the case of 10 • C this is almost exclusively mode 31. It should also be noted that after the fast sections in Figure 7c ,d that the preferable modes begin to vary again and the mode number reduces. The same dynamics are not seen in the best performing operational mode at −10 • C; this is likely because only a few operational modes were able to reach cabin temperature and therefore there is less choice available to minimise electrical energy consumption. It is noteworthy that the modes that did reach cabin target temperature seem limited to modes 29 and 31. These differ in that 31 has all components connected to the heat pump, whereas 29 does not make use of the transmission. It is likely the transmission is not favoured in the early stages of the drive cycle because its inefficiency is too costly to the tractive power consumption while cold. Similar trends can be seen in the NEDC and WLTP results. For NEDC at 10 • C, it can be noticed that mode 8 seems preferable during the low speed section of the cycle, while higher modes become popular during the later, faster stages. Mode 8 exclusively uses the thermal battery; whereas the higher modes make use of the motor, transmission and cabin exhaust recovery. Similar trends can be noted for WLTP at 0 • C and 10 • C.
To generalise these results, vehicle speed and operational mode number show some correlation. As the operational mode number increases more components become connected to the heat pump, until mode 31 is reached, when all components are connected. As the vehicle speed increases more waste heat is generated by the motor and transmission, and the battery benefits more from being heated. This is a plausible explanation for the trend seen in the data presented. Furthermore it is confirmation that there is not one operational mode which best suits all conditions. This means that some switching of operational modes should be used through the drive cycle as a way to minimise energy consumption. Further investigation into which components are most useful to a heat pump under various circumstances should be carried out. This would help to guide how switching between operational modes during a drive cycle might occur. To make further comparisons on which operational modes generally perform well the histogram given in Figure 11 has been produced and the top 5 most commonly used modes have been extracted. The interval lengths 5 s, 30 s, 60 s, 120 s, 300 s and 600 s all have a common top 5 operational modes; 25, 29, 31, 8 and 27 (the order of top modes is not the same for all lengths of intervals). These modes are broken down into their composite contributors in Table 2 . These modes represent 70.8%, 70.8%, 72.4%, 73.5%, 73.5% and 75.2% of the all modes shown in Figure 11 for interval lengths 5 s, 30 s, 60 s, 120 s, 300 s and 600 s respectively. From Table 2 it is noteworthy that the top 5 operational modes all make use of the thermal battery. This provides justification for removing the thermal battery as an optional thermal contributor and implementing it as a permanent one. Removing a thermal contributor reduces computational effort and decreases the time it takes to find the optimum operational mode. Likewise, eliminating operational modes or contributors which are hardly used also reduces computational effort. This is an important consideration if a dynamic optimisation were to be performed. After the operational modes have been broken down into the constituent components, analysis of how often each component is used can be made; as seen in Figure 12 , where the 30 s interval length data is presented as to be compatible with Figures 7-9 . Figure 12a shows the proportion of instances each component appeared in the best performing operational mode across all drive cycles and temperatures. Figure 12a can also be used to assess the usefulness of each component when being used with a heat pump over all drive cycles and temperatures. It is apparent that the motor, thermal battery and cabin exhaust extraction are the most beneficial components when using a complex heat pump. The least beneficial of these components was used in >80% of the best performing operational modes during all drive cycles and temperatures. This reflects the previous analysis made on Figure 11 and Table 2 ; where mode 25 was dominant and comprised of the motor, thermal battery and cabin exhaust. The thermal battery shows such dominance in its usage with the heat pump that it should possibly be excluded from the operational modes and permanently connected to the heat pump. It is expected that the motor and cabin exhaust recovery are also popular because these components have no trade off in efficiency increase or cabin temperature decrease. Conversely, when heat is extracted from the transmission its efficiency decreases and hence approximately of 70% the time (according to Figure 12a ) it is not worth extracting this heat. Additionally, when the battery is heated it takes heating capacity away from the cabin; therefore, under most circumstances it is not preferable to sacrifice cabin temperature for battery efficiency gains. These two compromises have greater negative effects over shorter drive cycles compared to longer drive cycles. During longer cycles the cabin target temperature is reached early in the cycle and transmission has time to warm up, so these two components may be of greater importance. This is investigated by looking at the distribution of component contributions as a function of drive cycle and temperature. Figure 12b gives a break down of the proportion of instances each component appears in the best performing operational mode as a function of drive cycles. From these figures it can be seen that the motor, thermal battery and cabin exhaust are dominant. As postulated, the electric battery becomes more important as the length of the drive cycle increases, with the electric battery heating being most beneficial in WarmUp (5400 s), then WLTP (1800 s) and least beneficial in NEDC (1200 s). This implies that the electric battery should be heated when the cabin has reached temperature in order to benefit from efficiency gains. The transmission shows less importance compared to the motor, thermal battery and the cabin recovery. However, it is not clear that its use is correlated with the drive cycle chosen. It seems to be most useful on the NEDC cycle, which is the shortest and second most dynamic cycle; importance then seems to be dependant on the interval time used. Hence it is difficult to reach a meaningful conclusion regarding when to extract heat from a transmission according to the drive cycle used.
To confirm the hypothesis regarding heating the battery with the heat pump, the NEDC and WLTP drive cycles were repeated to match the length of the WarmUp cycle, and the method was repeated. Figure 12c shows proportion of time the components appear in the best performing mode when tested on these longer cycles. Here it can be seen that the battery appears in a higher proportion of the best performing operational modes compared to Figure 12b during the NEDC and WLTP cycles. This confirms that duration of a drive cycle is the dependant variable which should be used to decide if the battery should be heated. Furthermore, the more aggressive WLTP drive cycles favours battery heating over NEDC. Since the WLTP cycle has a higher average speed (46 kmh −1 compared to 33 kmh −1 ) and efficiency of the battery becomes worse with increased speed due to I 2 R losses, this is a predictable outcome. This is further reflected by the tractive power consumption (7.5 kW vs. 12.5 kW and 9.8 kW) when comparing NEDC to WLTP and WarmUp respectively.
In addition to the conclusions drawn about the battery, it can be noted from the extended drive cycles that the preference towards the motor and thermal battery has decreased. It is likely that now the cycles are longer the cabin target temperature is reached sooner (relative to the length of the cycle) hence the extra heat from the motor and thermal battery is not needed. This would lead to these components appearing less in the best performing operational modes. Figure 12d gives a break down of the proportion of times each component appears in the best performing operational mode as a function of ambient temperature. Here there is a clearer conclusion when looking at the dependency of transmission usage on ambient temperature; more benefit is received from the transmission as ambient temperature increases. This is likely because cold transmissions are inefficient and the efficiency trade off is not as valuable when the ambient temperature is very low. The electric battery also displays an interesting dependency on temperature, it appears as though heating the battery can be beneficial in colder and warmer conditions, but not necessarily between these two. Heating the battery at lower temperatures will see larger efficiency benefits, while heating the battery after the cabin warms up also gives efficiency benefits while not sacrificing cabin temp. The minimum at 0 • C can therefore be explained since the electric battery is not cold enough to get a large efficiency gain, and the cabin requires too much heat still to send any to the battery. Hence, deciding when the battery should be heated during a drive cycle becomes an important and interesting optimisation problem.
While the motor, thermal battery, and cabin exhaust still appear to be of high importance at lower temperatures, their importance seems to diminish as the temperature increases. The most probable explanation for this is that as ambient temperature increases, the proportion of time heating the cabin is reduced, which means less heating power is required. Since it takes energy to pump heat from these components they should be disconnected from the heat pump when less heat is needed.
Discussion
Here it has been shown that the management of a complex heat pump needs to be considered carefully to achieve the best performance over a range of conditions. Previous literature has explored the extraction of heat from the drive motors to benefit a heat pump; here it has been proven that this is correct under low temperature conditions. However as the ambient temperature gets higher it has been shown that the use of the motor for thermal support should be reduced. The use of a thermal battery with an automotive heat pump has previously not been explored in literature; here it has been comprehensively shown at low temperatures it is beneficial to use a device of this nature with a heat pump. Extracting heat from cabin exhaust is also beneficial to a complex heat pump, and follows the same trends with ambient as the motor and thermal battery.
Using the complex heat pump to heat the battery shows a benefit under specific conditions. It was seen in initial testing that the battery heating was most beneficial during the WarmUp cycle, which was the longest of the three cycles tested. The hypothesis proposed from this was that battery heating was more important during longer drive cycles. This was further confirmed when retesting was done with repeated NEDC and WLTP cycles to replicate the length of the WarmUp cycles. When these repeated cycles were used, heating the battery during WLTP resembled a similar importance to the WarmUp cycle. In the case of the NEDC cycle, battery heating was not used as frequently in the best performing operational modes when compared to both WLTP and WarmUp. This is likely because the NEDC has both a lower average speed (33 kmh −1 vs. 46 kmh −1 and 50 kmh −1 ) and lower average tractive power consumption (7.5 kW vs. 12.5 kW and 9.8 kW) when compared to WLTP and WarmUp respectively. Since WLTP and WarmUp both have increased speed and power it follows that a warmer, more efficient battery becomes more important.
It was also shown that battery heating usage varies with temperature. From Figure 12d it was seen that the battery heating was highly beneficial at −10 • C and 20 • C, slightly beneficial at 0 • C and unused at −20 • C. A possible explanation is the mix of cabin heating and battery efficiency; at −20 • C the cabin requires all heat from the heat pump and so the battery is neglected, whereas at −10 • C the cabin can reach temperature while the battery is being heated and so it can be worth making the compromise for improved energy consumption. As the ambient temperature increases battery efficiency also increases which might explain why battery heating does not appear to be as useful at 0 • C. Finally, at 10 • C the cabin heating demand is significantly reduced and so there is more surplus heat which can be used for the battery. This is the proposed explanation for the results seen regarding the batteries relationship to ambient temperature. Further investigations should be undertaken to understand when the battery of an electric vehicle should be heated. This research should also extend to the battery's relationship with vehicle speed and drive cycle length.
Further thought should also be given to the use of transmission with a complex heat pump as a function of drive cycle, as no clear conclusion could be drawn from the analysis presented. It is clear however that the transmission becomes more beneficial to the complex heat pump as the ambient temperature increases.
It has also been shown that the frequency at which the best operational mode is evaluated has an effect on the range of operational modes that should be considered for use. It was seen that the top 5 best performing operational modes were common across all frequencies tested and this covered >70% of all best performing modes, evidenced in Figure 11 . The conclusion to this is that while fast evaluations of the best operational mode increases the range of operational modes that might be used, for the most part the same modes appear to be the best to use regardless of switching frequency. Hence when a dynamic optimisation is carried out to find the best trajectory of operational modes to take during a drive cycle, the switching frequency should be considered carefully. Considering the characteristic time of the drive cycle for which the operational mode trajectory is being optimised in order to guide the choice of switching frequency might further improve energy consumption and thermal comfort.
Conclusions
A model has been generated which allows for multiple heat sources to be arbitrarily connected to a heat pump for an electric vehicle. This has allowed significant progress to be made in understanding how the best performance can be extracted from a complex heat pump in electric vehicles. It also provides guidance into which components are most important for heat extraction in a system designed for limited thermal contributors; specifically the motor, a thermal battery and cabin exhaust recovery are critical for the optimal performance of a heat pump. Further progress and estimations of potential energy savings will be achieved through dynamic optimisation of the operational mode through a drive cycle. While the current method has provided insight into the best operational modes to use, it is incomplete as the thermal and energetic history of each mode has been ignored when selecting that mode as best for a given interval.
From the above analysis it is apparent that a complex heat pump with multiple possible operational modes reduces total electrical energy consumption when operated over a range of temperatures. This is evidenced by the 14.8% average energy saving seen in Figure 6 . It has been shown that there the key components which can improve the performance of a heat pump are the motor, thermal battery and the cabin exhaust. These components have no temperature based efficiency trade off and so heat can be extracted from with little cost. These components were seen to be beneficial under a wide range of vehicle conditions. Heating the battery and extracting heat from the transmission can be beneficial under some circumstances. This should be investigated further to maximise the performance of an automotive heat pump. Furthermore, the evidence presented in Figures 7-9 suggests a greater reduction in total electrical energy consumption will come from dynamically selecting operation mode according to the state of the vehicle through the drive cycle.
To achieve this a dynamic optimisation should be carried out with the aim of finding the optimal operational mode trajectory for a range of scenarios. Furthermore the objective function should be considered carefully. Rather than solely focussing on the total electrical energy consumption while limiting available modes according to whether cabin target temperature was reached, as in Section 4, a multi-objective optimisation question should be considered. This would involve a weighted balance between total electrical energy consumption, a cabin comfort parameter and remaining range (distinguished from total electrical energy consumption due to its dependency on battery temperature). A multi-objective optimisation problem of this nature would address all of the issues with low temperature electric vehicle operation identified in Section 1.
